The structures of neutral and acidic amino acid transporters of the SLC1 family are very similar, yet they function quite differently. Results: Three residues involved in determining substrate selectivity have been identified. Conclusion: A threonine residue modulates the behavior of substrate and proton binding residues. Significance: We have identified how SLC1 members distinguish between substrates.
The cellular uptake of small neutral amino acids is regulated by various transport systems. One class of transporters found in a number of tissues is the alanine-serine-cysteine transport system (ASCT) 4 (1, 2). Two isoforms have been identified, ASCT1 and ASCT2. ASCT1 is found in the brain, skeletal muscle, and pancreas (3, 4) and is largely selective for alanine, serine, and cysteine but can also transport threonine, asparagine, and to a lesser extent, proline. ASCT2 exhibits a broader substrate selectivity than ASCT1 and is located in the kidney, lung, large intestine, skeletal muscle, testes, and the brain (5, 6) . In the brain, ASCT1 is preferentially expressed by glial cells and has been suggested to be responsible for the release of L-serine from intracellular stores, in exchange for other extracellular substrates (7) . This exchange of small neutral amino acids is regulated to accommodate the metabolic needs of the surrounding neurons. ASCT2 also plays a role in the brain, where it may contribute to glutamine homeostasis of neurons and astrocytes (6) . ASCT2 has been shown to be significantly up-regulated in cancerous tissues and is believed to play a role in the growth and survival of cancer cells (8) . Both ASCT1 and ASCT2 exhibit pH-dependent substrate selectivity. Acidic amino acids become substrates at pH 5.5 (5, 9) , which may be physiologically important in the acidic environment of the digestive tract where ASCT1 and ASCT2 are involved in nutrient uptake (10) .
The ASCTs belong to the solute carrier family 1 (SLC1) (3) (4) (5) , which also includes a range of human and prokaryotic glutamate and aspartate transporters such as the human glutamate transporters (otherwise known as excitatory amino acid transporters or EAATs) and Glt Ph (3, (11) (12) (13) . Glt Ph is an aspartate transporter from Pyrococcus horikoshii that was crystallized in 2004 by Yernool et al. (13) , revealing the complex structure of this transporter family. Glt Ph exists as a homotrimer with each protomer containing eight transmembrane domains (TM1-8) and two hairpin loops (HP1,2) (see Fig. 1A ). Glt Ph shares ϳ23% amino acid sequence identity with ASCT1 and 36% amino acid sequence identity with the EAATs, with many of the residues implicated in substrate and ion binding/trans-port conserved throughout the family (see Fig. 1C ) (13) . Thus, Glt Ph provides a good structural model for investigating the transport mechanism of ASCTs and EAATs.
Despite the high degree of sequence identity, ASCTs function quite differently from the EAATs. The EAATs transport the acidic amino acids glutamate and aspartate against a concentration gradient generating a net movement of substrate and charge across the membrane. In contrast, ASCTs exchange small, neutral amino acids in an electroneutral fashion without generating net movement of substrate. ASCTs also exhibit pHdependent substrate selectivity, in that at low pH (Ͻ pH 6) small acidic amino acids are substrates. For example, L-cysteate is a substrate of ASCT1 at pH 5.5 (9) and L-glutamate is a substrate of ASCT2 at pH 5.5 (5). The EAATs do not exhibit pHdependent changes in substrate selectivity; however acidic amino acid transport by the EAATs is coupled to H ϩ . Glutamate transport by the EAATs is coupled to the co-transport of three Na ϩ ions and one H ϩ ion, and the counter transport of one K ϩ ion (14, 15) . It is thought that only one Na ϩ is co-transported with each substrate molecule in ASCT1, and no K ϩ or H ϩ transport occurs (15) . Similar to the EAATs, ASCTs possess a thermodynamically uncoupled Cl Ϫ conductance, which is responsible for the current observed during transport (16, 17) .
Numerous mutational studies have been performed in the EAATs that have successfully knocked out substrate binding and/or ion coupling thereby identifying key residues involved in the transport process. Three residues in the EAATs, which are not conserved in the ASCTs, stand out as potentially playing a role in determining differences between the transporters. First, mutations of Arg-479 in EAAT1 abolish glutamate transport (18) , indicating a role of this residue in substrate binding. Furthermore, replacing this arginine with cysteine, glutamate, glycine, or serine not only impaired glutamate transport but also introduced neutral amino acid exchange (19) . Interestingly, the equivalent residue in ASCT1 is a threonine. Second, the TM7 motif NMDGT includes residues involved in substrate (20) and Na ϩ (21-23) binding and is conserved throughout the EAATs and Glt Ph . The threonine in this motif is replaced with an alanine in ASCT1. Third, a H ϩ /K ϩ binding site in the EAATs has been proposed to be formed by Glu-404 in TM7 of EAAT2 (24, 25) . Mutation of this glutamate to glutamine abolishes both H ϩ and K ϩ coupling in EAAT2. Glu-404 is highly conserved throughout the EAAT family (25) , but it is a glutamine at the corresponding site in ASCTs and also Glt Ph . ASCTand Glt Ph -mediated transport are not coupled to H ϩ or K ϩ (26); however, the substrate selectivity of ASCTs is pH-dependent (5, 9) .
These experiments have been useful in identifying residues involved in the transport process, but very little is understood about how these residues work together to establish the substrate-ion coupling mechanism. An alternative to knocking out a function is to introduce a function, which provides a deeper understanding of the mechanism of substrate-ion coupling. In this study, we have mutated residues that are predicted to be involved in substrate and ion binding in ASCT1 to the EAAT counterpart (A382T, T459R, Q386E) (Fig. 1) . The T459R difference in TM8 and the Q386E difference in TM7 play key roles in determining substrate selectivity and pH dependence of substrate selectivity, but it is interesting to note that the additional A382T difference in TM7 appears to modulate the properties of the other two residues to facilitate these functional differences.
EXPERIMENTAL PROCEDURES
Site-directed Mutagenesis-ASCT1 was subcloned into the plasmid oocyte transcription vector (pOTV). Site-directed mutagenesis was performed using the QuikChange site-directed mutagenesis kit (Stratagene) using Velocity DNA polymerase (Bioline, Sydney, Australia). Primers were designed and synthesized by Sigma Genosys (Sydney, Australia), and the DNA sequences of all mutations were confirmed by the Australian Genome Research Facility (Sydney, Australia). DNA was (orange), TM8 (purple), HP1 (yellow), and HP2 (red). L-Aspartate is shown in stick representation, and two bound Na ϩ ions are shown as light blue spheres. B, close view of the substrate binding site with the residues targeted for mutation in this study shown in stick representation (dark blue). Arg-397 is equivalent to Thr-459 in ASCT1, Gln-318 is equivalent to Gln-386 and Thr-314 is equivalent to Ala-382. TM1-6 and HP2 have been omitted, and the protein was tilted toward the viewer for ease of visualization. Images were made using PyMOL (33) . C, sequence alignment of TM7b and part of TM8 in EAAT1-3, ASCT1, ASCT2, and Glt Ph , where conserved residues are highlighted in black, and mutated residues are highlighted by blue boxes. prepared using the Qiagen Miniprep kit (Qiagen Pty, Ltd.). All transporter cDNAs were linearized with Spe1 (Promega) and mRNA transcribed with T7 polymerase using the mMESSAGE mMACHINE kit (Ambion).
Electrophysiology-All chemicals were obtained from Sigma unless otherwise stated. Stage V oocytes were harvested from Xenopus laevis as described previously (27) , and all surgical procedures followed a protocol approved under the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. 20 ng of cRNA was injected into oocytes and incubated in Cl Ϫ containing buffer (96 mM NaCl, 2 mM KCl, 1 mM MgCl 2 , 1.8 mM CaCl 2 , 5 mM HEPES, pH 7.5) supplemented with 50 g/ml gentamycin, 2.5 mM sodium pyruvate, 0.5 mM theophylline at 16 -18°C.
Two to 4 days after microinjection, current recordings were made using the two electrode voltage clamp technique with a Geneclamp 500 amplifier (Axon Instruments, Foster City, CA) interfaced with a MacLab 2e chart recorder (ADI Instruments, Sydney, Australia) using the chart software, and a Digidata 1322A (Axon Instruments) controlled by an IBM-compatible computer using the pClamp software (version 10, Molecular Devices, Union City, CA). The current-voltage relationships for substrate elicited conductances were obtained by subjecting cells to 200-ms voltage pulses between Ϫ100 mV and ϩ60 mV in 10-mV steps. Current voltage relationships were calculated by subtracting steady state current measurements in the absence of substrate from corresponding current measurements in the presence of substrate.
Recording solution for all experiments (except where otherwise stated) was normal frog Ringer's solution (Cl Ϫ containing buffer) with complete NO 3 Ϫ substitution for Cl Ϫ . The pH of recording solutions was adjusted using HNO 3 and NaOH. Recordings were made with the bath grounded via a 3 M KCl/ agar bridge connected to a 3 M KCl reservoir to minimize offset potentials. Cells were washed with Cl Ϫ containing buffer between substrate applications to ensure that NO 3 Ϫ loading of the cell was not significant. Current (I) as a function of substrate concentration was fitted by least-squares analysis to a derivation of the Michaelis-Menten equation,
where I max is the maximum current generated and EC 50 is the substrate concentration which generates a half-maximal response.
Radiolabeled 
RESULTS
The aim of this study was to determine the molecular basis for functional differences between ASCT1, the EAATs, and Glt Ph .
Neutral Amino Acid Transport at pH 7.5-In standard Cl Ϫ -based recording buffer, application of neutral amino acids to oocytes expressing wild type ASCT1 generates small currents, which reverse direction at approximately Ϫ20 mV ( Fig. 2A) . This is indicative of activation of the uncoupled anion conductance of ASCT1 (17) . The uncoupled anion conductance is activated by the binding of substrate and Na ϩ and follows the permeability sequence of SCN Ϫ Ͼ NO 3 Ϫ Ͼ I Ϫ Ͼ Cl Ϫ . To enhance the amplitude and reliability of current measurements mediated by ASCT1, Cl Ϫ in the recording buffer was replaced with NO 3 Ϫ . Using this NO 3 Ϫ containing buffer, the application of L-serine to oocytes expressing ASCT1 at pH 7.5 generates large outward currents ( Fig. 2A) . The EC 50 for L-serine activation of the anion current at ϩ60 mV is 100 Ϯ 16 M (Fig. 2D , Table 1 ) and ASCT1 also supports significant levels of L-[ 3 H]serine uptake (Fig. 2F ). Previous studies indicate that amino acid transport by ASCT1 is not coupled to the counter-transport of K ϩ (17) . We also confirmed this observation by measuring L-serine induced anion currents in the presence of elevated extracellular K ϩ . In the EAATs, elevated extracellular K ϩ concentrations reduces the outward current observed at positive membrane potentials (data not shown), as a result of reducing the driving force for inward transport. In ASCT1 however, the anion conductance was not affected by elevated extracellular K ϩ (60 mM) when compared with low extracellular K ϩ (2 mM) (data not shown), confirming that ASCT1 is K ϩ -independent.
L-Serine application to oocytes expressing the A382T (TM7) mutant transporter at pH 7.5 generates outward currents with reduced amplitudes compared with ASCT1 (Fig. 2B , Table 1 ). The outward currents correlate with reduced levels of L-[ 3 H]serine uptake into oocytes expressing A382T (Fig. 2F ) compared with wild type ASCT1. However, the EC 50 for the L-serine-activated anion current for A382T is similar to that of ASCT1 (Fig. 2D, Table 1 ). Thus, the rate of ASCT1-mediated neutral amino acid exchange is slightly impaired by the A382T mutation. More striking results are observed for the T459R (TM8) mutant transporter. No currents are generated by L-serine application to T459R expressing oocytes (Fig. 2B) , and no significant L-[ 3 H]serine uptake is observed (Fig. 2F) , demonstrating that T459R is defective in the transport of neutral amino acids. Interestingly, combining both the A382T and T459R mutations in ASCT1 generates a transporter that produces outward currents in response to L-serine; however, the current sizes are markedly reduced compared with ASCT1 (Fig.  2B) . The EC 50 for the L-serine-activated anion conductance is increased for A382T/T459R compared with wild type ASCT1 and the A382T mutant (Fig. 2D, Table 1 ), and levels of L-[ 3 H]serine uptake are not distinguishable from background (Fig. 2F) , indicating that the double mutant has compromised neutral amino acid exchange.
L-Serine application to the Q386E mutant generates anion currents that are reduced compared with wild type ASCT1 (Fig.  2C) . Similarly, levels of L-[
3 H]serine uptake into Q386E expressing oocytes were reduced by ϳ60% from that of wild type ASCT1 (Fig. 2F) . However, the EC 50 for the L-serine-activated current for Q386E is similar to the ASCT1 value (Fig. 2E , Table 1 ). These results demonstrate that although the EC 50 for neutral amino acid transport is not altered by the Q386E mutation in ASCT1, the expression level of the transporter or rate of exchange may be affected. Combining A382T and Q386E mutations did not further alter the L-serine elicited anion currents (Fig. 2C) . L-Serine is slightly less potent in this double mutant (Fig. 2E, Table 1 ), and L-[ 3 H]serine uptake levels are reduced compared with Q386E alone (Fig. 2F) . This suggests that neutral amino acid transport has been compromised by the addition of A382T to Q386E; however, A382T/Q386E remains a functional neutral amino acid exchanger.
Acidic Amino Acid Transport at pH 7.5 and 5.5-Application of L-aspartate or L-cysteate to ASCT1 expressing oocytes at pH 7.5 does not generate currents (Fig. 3A) . However, at pH 5.5, L-cysteate activates the anion conductance of ASCT1 (Fig. 3A) , which is consistent with previous studies, suggesting that it is a substrate for the transporter at pH Ͻ 6 (9). Despite generating similar outward currents to the neutral amino acids, the potency of L-cysteate activated anion currents for ASCT1 is lower than that of L-serine at pH 5.5 (Table 1, Fig. 3D ). Application of L-aspartate to ASCT1 expressing oocytes also gener- containing buffer (open squares) and NO 3 Ϫ containing buffer (closed squares), at pH 7.5 in ASCT1. B, current voltage relationships elicited by 300 M L-serine at pH 7.5 for A382T (triangles), A382T/T459R (circles), and T459R (diamonds). C, current voltage relationships elicited by 300 M L-serine at pH 7.5 for A382T/Q386E (triangles) and Q386E (circles). D, L-serine concentration-response curves for ASCT1 (squares), A382T (triangles), and A382T/T459R (circles) at ϩ60 mV. As an L-serine concentration response curve for A382T/T459R was not able to be established, the data were normalized to the predicted maximal current for L-cysteate of A382T/T459R. E, L-serine concentration-response curves for ASCT1 (squares), Q386E (circles), and Q386E/A382T (triangles) at ϩ60 mV. Figs. 2F and 3C ). L-Glutamate (up to 300 M) does not generate any significant currents when applied to oocytes expressing ASCT1 at pH 7.5 or pH 5.5 (data not shown).
We then investigated the effects of the A382T, T459R, and Q386E mutations in ASCT1 on the acidic amino acid activated anion conductances and radiolabeled substrate uptake. In contrast to wild type ASCT1, L-aspartate activated the anion conductance of A382T at pH 7.5, although to a lesser extent than the neutral amino acids (Table 1) . These small currents correlate with low levels of L-[ 3 H]aspartate uptake (Fig. 3B) . At pH 7.5, the EC 50 for L-aspartate activated anion currents for A382T is 430 Ϯ 20 M (Fig. 3E, Table 1 ). This affinity increases considerably, to 36 Ϯ 7 M, when the pH is decreased to pH 5.5 (Fig.  3E) . The rate of L-[ 3 H]aspartate uptake also increases at pH 5.5 (Fig. 3C) .
The T459R mutant generated more striking results with acidic amino acids. Application of L-aspartate, L-glutamate, and L-cysteate to T459R expressing oocytes at pH 7.5 all generated large currents (Table 1) . L-Cysteate is the most potent of the acidic amino acids at T459R, followed by L-aspartate and L-glutamate (Fig. 3F, Table 1 ). Increasing extracellular K ϩ at pH 7.5 does not affect these currents (data not shown), suggesting that the transport process remains K ϩ independent. Decreasing the pH to 5.5 only slightly alters the EC 50 values of the acidic amino acids, with L-cysteate remaining the most potent ( Table 1 ). The rate of L-[ 3 H]aspartate uptake into oocytes expressing T459R transporters was significantly greater than background (Fig.  3B) ; however, it was markedly reduced compared with the uptake rate of L-[
3 H]serine in wild type ASCT1 (Fig. 2F) despite the large anion currents observed.
The anion conductance of the combined mutation A382T/ T459R is similarly stimulated by acidic amino acids, although with reduced amplitudes compared with T459R ( Table 1) . The potencies of L-cysteate, L-glutamate, and L-aspartate elicited currents for A382T/T459R are overall higher than for T459R, where the rank order of potency is L-aspartate, L-cysteate, and L-glutamate ( Fig. 3G ; Table 1 ). The combination of these two mutations results in lower EC 50 values for acidic amino acids and suggests cooperativity between the threonine and arginine within the EAAT/Glt Ph binding site. Again, transport rates of L-[ 3 H]aspartate uptake into oocytes expressing A382T/T459R transporters was markedly reduced (Fig. 3B ) compared with the uptake rate of L-[
3 H]serine in wild type ASCT1 (Fig. 2F) . In contrast to wild type ASCT1, L-cysteate does not stimulate the anion conductance of the Q386E mutant at pH 5.5 (Fig. 4A) 3 H]serine uptake by wild type ASCT1 by 64 Ϯ 3% at pH 5.5, and this level of inhibition is reduced to 14 Ϯ 5% at pH 7.5 (Fig.  4B) . However, for the Q386E mutant, 1 mM L-cysteate does not inhibit L- [ 3 H]serine uptake at pH 5.5 beyond the 14 Ϯ 5% observed in wild type ASCT1 at pH 7.5 (Fig. 4B) . This indicates that acidic amino acid binding to the Q386E mutant at low pH is impaired. Surprisingly, the combination of A382T and Q386E within ASCT1 generated a transporter capable of acidic amino acid transport, which was similar in profile to the A382T mutant. L-Cysteate and L-aspartate stimulate the anion conductance of A382T/Q386E at pH 5.5 (Fig. 4A, Table 1 ), although they display relatively low affinities (Table 1) . Furthermore, L-cysteate is also able to inhibit L-[ 3 H]serine uptake into oocytes expressing A382T/Q386E at pH 5.5 by 66 Ϯ 2% (Fig.  4B) , which is comparable with that of wild type ASCT1. This indicates that the impairment of acidic amino acid transport by the Q386E mutation in ASCT1 can be rescued by the A382T mutation, suggesting cooperativity between the two residues. The equivalent glutamate residue in the EAATs has been implicated in proton binding, leading to the hypothesis that the threonine residue in the NMDGT motif aids protonation of the glutamate residue, without which the negative charge may repel acidic amino acids from the binding site.
Stereoselectivity of Aspartate Transport-The EAATs and Glt Ph are able to transport L-aspartate and D-aspartate with similar affinities (3, 20, 26) , illustrating that the EAAT and Glt Ph binding sites are not stereo-selective for D-or L-aspartate. To investigate the level of similarity between the ASCT1 and EAAT substrate binding site, we examined the substrate stereoselectivity of ASCT1 and the mutants. For ASCT1 at pH 5.5, L-aspartate elicits currents, whereas D-aspartate does not generate any significant currents. In both A382T and T459R, D-aspartate generates currents, but D-aspartate is considerably less potent than L-aspartate (Table 1 ). This suggests that structural differences in the binding pocket of ASCT1 may be causing aspartate to bind in an alternate conformation. Interestingly, the double mutant A382T/T459R exhibits more similar EC 50 values for D-and L-aspartate (Table 1 ). This demonstrates that the binding of acidic amino acids to the A382T/T459R transporter more closely resembles that of the EAATs and Glt Ph compared with the single mutant transporters.
DISCUSSION
ASCT1, the EAATs, and Glt Ph have a high degree of amino acid sequence similarity, but their transport characteristics are strikingly different. In this study we have used Glt Ph as a structural model and sequence alignments of the SLC1 family to identify three candidate residues in ASCT1 that are expected to influence differences in substrate selectivity between ASCT1 and the other SLC1 family members. We describe the effect of replacing alanine 382, threonine 459 and glutamine 386 in ASCT1 with their corresponding EAAT residues.
Arginine 397 in TM8 and the NMDGT motif in the unwound region of TM7 of Glt Ph are crucial to binding of acidic amino acids in the EAATs and Glt Ph (18 -20, 28) . These residues are highly conserved throughout the glutamate transporter family, but in ASCT1 a threonine replaces the arginine in TM8 and an alanine residue replaces the threonine in the TM7 motif NMDGA (Fig. 1C) . Changing this arginine in EAAT3 to residues such as cysteine or glutamate abolishes glutamate transport and introduces Na ϩ -dependent serine exchange (18, 19) . Our results complement these studies, by demonstrating that the reverse mutation in ASCT1 switches the substrate selectivity from neutral to acidic amino acids (Fig. 3) . Furthermore, the introduction of a threonine in TM7 to complete the NMDGT motif increases the ability of ASCT1 to bind aspartate, particularly at pH 5.5. These results reinforce the importance of the TM7 threonine/alanine difference and the TM8 arginine/threonine difference in determining substrate selectivity in the SLC1 family of transporters. Acidic amino acids have a higher affinity for the combined mutant transporter A382T/T459R compared with the individual mutant transporters (Fig. 3 , Table 1 ). This implies that there is co-operativity between the arginine and threonine residues within the binding site of the EAATs and Glt Ph and that multiple residues contribute to defining differences in substrate selectivity between the transporters.
Further analysis of the substrate selectivity of the double ASCT1 mutant A382T/T459R reveals an additional interesting observation. The double mutant A382T/T459R has high affinity for both D-and L-aspartate, but comparatively low affinity for L-glutamate (Table 1) . This differential selectivity is comparable to that of Glt Ph (20, 26) but quite different to that of the EAATs, which have similar affinities for L-, D-aspartate and L-glutamate (3) . This suggests that it is possible to create a Glt Ph -like substrate binding site in ASCT1 with just two mutations. It also suggests that while the arginine residue is likely to be the major determinant of acidic amino acid binding, the hydroxyl group of the threonine residue facilitates the interaction and also removes the stereoselectivity of the site for the Dand L-aspartate. The EAATs and Glt Ph differ at the third amino acid residue investigated in this study, but the triple mutant, A382T/T459R/Q386E displays the same substrate selectivity as the double mutant (data not shown). Thus, there remain additional molecular determinants that are required to confer the complete EAAT phenotype. There are no obvious candidate residues in close proximity to the substrate binding site.
An unexpected observation from this study was that although acidic amino acids bind to the mutant transporters and activate anion conductances of similar amplitude to the serine-activated conductance of ASCT1, the transport rates of L-aspartate by the mutant transporters are markedly reduced compared with that of L-serine transport by wild type ASCT1 (Fig. 3) . This highlights that the extent of anion conductance activation varies for different substrates and further re-inforces the notion that distinct conformational states support the transport and channel functions of members of this family of transporters (29 -31) .
Glutamate 404 in TM7 of EAAT2 (Q386 in ASCT1) has been proposed to form a K ϩ /H ϩ binding site (24, 25) and is highly conserved throughout the EAAT family. In ASCTs and Glt Ph this residue is a glutamine and both of these transporters lack H ϩ and K ϩ coupling, which supports the proposal that E404 plays important roles in K ϩ and/or H ϩ binding. When this glutamate residue is mutated to a glutamine in EAAT3, the transporter functions as an electroneutral exchanger of acidic amino acids where there is no net transport of substrate (25) . Interestingly, this homoexchange is pH independent indicating that H ϩ coupling has been impaired. While ASCT-mediated transport is not coupled to H ϩ , ASCT1 does exhibit pH-dependent changes in substrate selectivity, with acidic amino acids able to bind at low pH (9) . pH sensitivity of neutral amino acid transport was engineered in ASCT2 by generating the Q392E mutation (25) , further supporting the role of this glutamate residue in H ϩ coupling. While replacing Q386 with a glutamate in ASCT1 did not introduce K ϩ and/or H ϩ coupling, acidic amino acid binding is impaired, with L-cysteate no longer being a substrate at low pH (Fig. 4) . We hypothesize that the introduced glutamate residue is not protonated in ASCT1, thereby retaining its negative charge and repelling negatively charged amino acid substrates from the binding site. In EAAT3, the side chain of the equivalent glutamate residue has been shown to have an apparent pK a of 8 (32) , and therefore would be protonated at physiological pH. We suggest that neighboring residues are influencing the proton binding capacity of the glutamate side chain, to shift the pK a from ϳ4 to 8 within the transporter. A potential candidate is the threonine at the end of the NMDGT motif in TM7. This threonine is in close proximity to the side chain of the glutamate residue (13) (Fig. 1B) , where the hydroxyl group may assist in stabilizing a H ϩ bound to glutamate. While acidic amino acids have no effect on the Q386E mutant, the double mutant A382T/Q386E does support acidic amino acid activated anion conductances (Fig. 4) , which is consistent with the proposed role of the threonine residue in stabilizing a proton on the glutamate residue. Without the additional polarity from the hydroxyl group of threonine, the pK a of the glutamate side chain may remain closer to its natural pK a , thereby retaining its negative charge and impeding entry of acidic amino acids into the Q386E binding site. This implies that both a threonine and glutamate residue are required for H ϩ binding in the EAATs. This study has contributed to our understanding of the structural basis for the differences in substrate selectivity between the members of the glutamate transporter family; ASCT1, the EAATs and Glt Ph . A further aspect that remains unresolved in this family is the structural basis for K ϩ binding and coupling to counter-transport that appears to be unique to the EAATs. A similar approach to the one described in this study may be useful in delineating the mechanistic details of counter-transport.
